Purpose The purpose of this study is to analyze the sperm morphology of a Chinese man affected with multiple morphological abnormalities of the sperm flagella (MMAF) and observe the intracytoplasmic sperm injection (ICSI) outcome. Methods A Chinese man was diagnosed with multiple morphological abnormalities of the sperm flagella by semen analysis and electron microscopy. Testicular spermatozoa were injected intracytoplasmically, and the following ICSI results were observed. Results All the spermatozoa from his ejaculate were immotile and morphologically abnormal in the flagellum. In transmission electron microscopy assays, most spermatozoa showed disorganized fibrous sheath, accompanied by distortion of various cytoskeletal components, and missing of the central pair microtubules. Testicular sperm was injected to the oocytes in two ICSI cycles, with fertilization rates of 45.5 and 40.0%. Finally, a healthy female infant was delivered at the second ICSI cycle. Conclusions Fertilization and pregnancy could be achieved by intracytoplasmic sperm injection, regardless of severe flagellar defects. ICSI is effective for MMAF-affected man, and testicular sperm is an alternative when no motile sperm is available.
Introduction
Multiple morphological abnormalities of the sperm flagella (MMAF) is a rare condition leading to male infertility, presenting with severe asthenozoospermia, and teratozoospermia in sperm tails [1, 2] . MMAF is also known as dysplasia of the fibrous sheath (DFS), which was introduced by Chemes in 1987 [3] . Other denominations include tail stump syndrome and shorttailed spermatozoa [4, 5] . The affected spermatozoa present combinations of sperm flagellar anomalies (absent, short, coiled, bent, and irregular width), and ultrastructure observation disclosed unsuccessful assembly of sperm flagella with a key phenotype of central-pair microtubules absence in the axoneme [1, 6] . MMAF is a syndrome caused by genetic defects, and as far as known, DNAH1 is the main causative gene [2, 7] .
At present, no effective experimental treatment is available; however, successful intracytoplasmic sperm injection (ICSI) pregnancies are reported by several authors [5, 8, 9] . The ICSI outcomes of six Chinese men affected with MMAF were also presented in our previous manuscript [10] , and infants were delivered in the following ICSI cycles. A successful ICSI result using testicular sperm will be reported in this manuscript.
Materials and methods

Patient
A 33-year-old Han Chinese man was seeking treatment for primary infertility for 4 years at Suzhou Hospital Affiliated to Nanjing Medical University. His parents were nonconsanguineous and they had two early abortions. So the patient was the only child of the family. His three uncles and two aunts were fertile. No apparent organic anomalies were found by physical examination and ultrasound examination in the male reproductive system, and no significant respiratory symptoms were observed. The serum follicle-stimulating hormone (FSH, 4.77 mIU ml ) were within normal ranges, and his lymphocyte karyotype was 46, XY. After repeated semen analyses under light microscope and electron microscope, he was diagnosed as MMAF. The couple signed an informed consent for the ICSI procedure, and our hospital ethics committee approved this study.
Semen analysis
Semen samples were evaluated according to the World Health Organization guidelines. Sperm morphology was analyzed on slides under a microscope after modified Papanicolaou staining, and at least 200 spermatozoa were examined. Transmission electron microscopy (TEM) assessment was carried out as previously introduced [7] . The sperm DNA integrity was tested by flow cytometry (Navios, Beckman Coulter, CA, USA) using the sperm chromatin structure assay (SCSA). A minimum of 10,000 events were recorded. The sperm samples were prepared according to the regular protocol. Single-stranded nucleic acids in abnormal spermatozoa combined with acridine orange and emitted orange fluorescence. Normal sperm chromatin which is double-stranded combined with acridine orange and emitted green fluorescence. The percentage of sperm with DNA fragmentation is expressed as DNA fragmentation index (DFI) from the flow cytometer software. The reference value of DFI is below 30%.
ICSI procedures
A long protocol for ovulation induction was administrated to his 27-year-old wife. After pituitary desensitization with gonadotropin-releasing hormone agonist, recombinant follicle-stimulating hormone was administrated to stimulate follicular development. When at least two dominant follicles reached a diameter of 18 mm, 250 μg recombinant human chorionic gonadotropin (hCG, Ovidrel, Merck-Serono) was injected. Oocytes were retrieved 36 h after hCG administration, and metaphase II oocytes were fertilized 4-6 h after retrieval. Transcervical embryo transfer was performed 72 h after the oocytes were retrieved. Pregnancy was confirmed by two hCG tests conducted 12 days after embryo transfer, and clinical pregnancy was determined by a fetal heartbeat on ultrasound screening after 35 days.
Results
Several semen analyses showed sperm concentrations of 5.6-20.2 million ml −1 , volume of 1.0-2.4 ml, with seminal pH at 7.4. But all the sperm were immotile, and the majority was abnormal in the sperm flagellum. The sperm DNA fragmentation index was 15.8%. All spermatozoa presented abnormal flagellar morphology under light microscopy after modified Papanicolaou staining (Fig. 1a) . The sperm flagellar phenotype was in accordance with MMAF [1] , showing absent 20.0%, short 38.5%, coiled 30.5%, irregular 5.5%, and bent 5.5%, respectively. A normal spermatozoon is composed of a sperm head and flagellum, and the flagellum has a unique 9 + 2 arrangement of microtubules within the flagellar axoneme. TEM observation from an individual with normal semen parameters displayed normal flagellar ultrastructure (Fig. 1b-d) . The MMAF-affected man presented poorly assembled flagella by TEM assessment. Both longitudinal and cross sections showed disorganized fibrous sheath and distortion of various cytoskeletal components, with central pair of microtubules mostly absent, but the normal centrosome complex was observed ( Fig. 1e-h ).
On the oocytes retrieval day, no motile sperm was found in the ejaculate. Testicular spermatozoa were obtained by needle aspiration, which showed that most were tailless and 100% immotile. Testicular sperm with comparatively normal morphology were injected to the oocytes in the two successive ICSI cycles. The first cycle achieved a 45.5% (5/11) fertilization rate and a failed pregnancy after embryo transfer. The second cycle obtained a 40.0% (4/10) fertilization rate and successful pregnancy after one blastocyst transfer. A fetal heartbeat was detected by ultrasound at the 32nd day after transfer. A healthy, 3150-g female infant was delivered at 40 weeks of gestation. The ICSI results are summarized in Table 1 .
Discussion
Nonspecific flagellar anomalies are common among men with severe asthenozoospermia, which could be secondary to various reproductive conditions [5, 12] . However, nonspecific anomalies have no definite pattern and fluctuate in their incidence during treatment [13] . MMAF is one kind of specific sperm ultrastructural anomalies. The tailless testicular sperm of this patient confirms that MMAF is not secondary to a hostile epididymal environment, but occurs in the process of spermatogenesis. The axoneme is the core of the sperm flagellum, and some of the defects could cause certain forms of infertility [14] . The ultrastructure examination of spermatozoa is an important evidence to diagnose MMAF and other ciliopathies [12] .
ICSI provides an effective therapeutic method for patients with sperm flagellar defects, including MMAF, but selecting live sperm when no motile sperm are present is crucial for successful ICSI [15, 16] . In our previous observation, the viability of MMAF spermatozoa varied from 9.0 to 80.0% [1] . A randomly selected immotile ejaculated spermatozoa would negatively influence the reproductive results [17, 18] . When no motile sperm is present, the hypoosmotic swelling (HOS) test is valuable to identify live sperm [19, 20] . Given that sperm tails of the MMAF man are severely distorted, HOS test would be inaccurate. Testicular sperm was effective for ICSI in case of 100% immotility [21] [22] [23] . Injection of testicular sperm from MMAF-affected man could also obtain successful fertilization and delivery [24] . One more successful ICSI using testicular sperm is reported in this manuscript. Although failed ICSI outcomes have been reported [25] , most MMAF patients present an overall good prognosis following ICSI [4, 5, 8, 9, 24, 26, 27] .
In conclusion, ICSI is an effective method to achieve a pregnancy in those men affected with MMAF, and testicular e The MS was badly assembled, and the annulus was abnormally located. In addition, the FS in principal piece was thickened and unsmooth. f The MS together with all other flagellar structures was unassembled, but the proximal centriole and the segmented columns were normally formed (red arrow). g The CP was absent at middle piece (red arrow), and the MS was incomplete. h The section at principal piece showed disorganized microtubules (red arrow) and thickened FS. Scale bars = 1 μm (b, e, f), 0.1 μm (c, d, h), and 0.2 μm (g) MMAF multiple morphological abnormalities of the sperm flagella, Deg degeneration, T transferred
The embryo scores are cell number, fragmentation, and symmetry, respectively, according to the criterion by Racowsky [11] sperm is an alternative when no motile sperm is available. Although the MMAF men obtained comparable ICSI outcomes despite of carrying DNAH1 mutations or not [26] , the pathogenic gene should be disclosed for further genetic counseling. Recently, our group identified new MMAF causative genes CFAP43 and CFAP44, and more causative genes would be disclosed through whole exome sequencing (WES) technology [7] .
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